Although overall incidence is rare, leukemia is the most common type of childhood cancer. It accounts for 30% of all cancers diagnosed in children younger than 15 years. Within this population, acute lymphocytic leukemia (ALL) occurs approximately five times more frequently than acute myelogenous leukemia (AML) and accounts for approximately 78% of all childhood leukemia diagnoses. Epidemiologic studies of acute leukemias in children have examined possible risk factors, including genetic, infectious, and environmental, in an attempt to determine etiology. Only one environmental risk factor (ionizing radiation) has been significantly linked to ALL or AML. Most environmental risk factors have been found to be weakly and inconsistently associated with either form of acute childhood leukemia. Our review focuses on the demographics of childhood leukemia and the risk factors that have been associated with the development of childhood ALL or AML. The environmental risk factors discussed include ionizing radiation, nonionizing radiation, hydrocarbons, pesticides, alcohol use, cigarette smoking, and illicit drug use. Knowledge of these particular risk factors can be used to support measures to reduce potentially harmful exposures and decrease the risk of disease. We also review genetic and infectious risk factors and other variables, including maternal reproductive history and birth characteristics.
Although overall incidence is rare, leukemia is the most common type of childhood cancer, accounting for 30% of all cancers diagnosed in children younger than 15 years (Linet 1999) . Within this population, acute lymphocytic leukemia (ALL) occurs approximately five times more frequently than acute myelogenous leukemia (AML) and accounts for approximately three-quarters of all childhood leukemia diagnoses (Gurney et al. 1995; Pui 1997 Pui , 2000 Zipf et al. 2000) . Chronic myeloid leukemias make up most of the other childhood leukemia cases. Childhood cases account for about 12% of all leukemias but make up > 60% of ALL cases (Sandler and Ross 1997) .
In the United States, the incidence of childhood ALL increased between 1975 and 2002; however, this increase was not statistically significant. The observed increase may be due in part to changes in diagnostic practice and accuracy and improved reporting. The incidence rate of childhood ALL is now stable at three to four new cases per year per 100,000 children who are younger than 15 years, with a peak incidence at approximately 2-5 years of age (Greenlee et al. 2000; Gurney et al. 1995; Margolin et al. 2001; Ross et al. 1994; Swensen et al. 1997) . For childhood AML, the peak incidence rate occurs during the first year of life then decreases steadily through 4 years of age, where it remains relatively constant throughout childhood (Gurney et al. 1995) .
The incidence of ALL, particularly T-cell ALL, is slightly higher among boys than girls. (Kersey et al. 1973; Margolin et al. 2001; Ries et al. 1998; Zahm and Devesa 1995) . Girls, however, have a higher incidence of all leukemias during the first year of life (Gurney et al. 1995; Ries et al. 1998) . No differences in incidence of AML exist between girls and boys.
Throughout childhood, the incidence rate of ALL among African American children is approximately half the rate among Caucasian children. During the first few years of life, the incidence rate of AML among African American children is approximately one-third the rate among Caucasian children; however, African American children ≥ 3 years of age have higher rates than Caucasians (Gurney et al. 1995; Pollock et al. 2000; Zahm and Devesa 1995) .
Until the early 1980s, leukemia was the most common cause of death due to cancer among children in the United States (Zipf et al. 2000) . The mortality rate for all childhood leukemias decreased by 20% from 1975 through 1995 (Linet et al. 1999) , and the rate of children dying of leukemia has significantly decreased compared with the death rate from childhood brain tumors (Bleyer et al. 1998; Ries et al. 1998) .
The overall cure rate for childhood ALL is now approximately 75-80%; however, for AML the cure rate is between 40 and 45% (Pui et al. 2003) . In earlier large national trials, treatment results for African American children had not been as impressive as they were for Caucasian children (Kalwinsky et al. 1985; Pinkel 1993) . A recent study performed at St. Jude Children's Hospital compared the clinical outcomes of therapy for African American and Caucasian children with ALL and concluded that with equal access to effective antileukemic therapy, children of both racial groups can expect the same high rate of ALL cure (Pui et al. 2003) . However, another author concluded that ethnic or cultural differences in adherence to treatment have not been examined systematically in sufficiently large populations in the United States to draw meaningful conclusions regarding the impact of nonadherence on ethnic and racial differences in outcome of children with ALL (Bhatia 2004) .
Risk Factors
Epidemiologic studies of acute leukemias in children have examined a number of possible risk factors (e.g., environmental, genetic, or infectious) in an effort to determine the etiology of the disease. Only one environmental risk factor (ionizing radiation) has been significantly linked with either ALL or AML; most environmental risk factors [e.g., electromagnetic fields (EMFs), cigarette smoking] have been weakly or inconsistently associated with either form of childhood leukemia.
Because childhood leukemia is a rare occurrence, prospective studies are difficult to conduct, and therefore studies most frequently use a retrospective case-control design. Although easier to conduct, these studies have several inherent limitations (Schulz and Grimes 2002) . For example, bias may be introduced into a retrospective study because exposure is measured indirectly, is self-reported, and may be differentially recalled by parents of a well, versus a sick, child (Infante-Rivard and Jacques 2000) . Bias may also be introduced if a certain segment of the population does not respond to the study survey. Other limitations include a relatively small number of case children, the number of spurious results that arise from making many comparisons, and the questionable relevance of cross-sectional sampling after illness has developed, given the latency of the disease (Schulz and Grimes 2002) . Despite these limitations, results from epidemiologic research that identifies environmental risk factors for childhood leukemia can support measures to alleviate potentially harmful exposures and reduce the risk for disease.
The environmental risk factors we discuss in this article include some of the more researched and controversial topics including ionizing and nonionizing radiation, chemicals such as hydrocarbons and pesticides, alcohol, tobacco use, and illicit drug use. Knowledge of these particular risk factors can be used to support measures to alleviate potentially harmful exposures and reduce the risk of disease. We also review genetic and infectious risk factors and other variables, including maternal reproductive history and birth characteristics.
Environmental Factors
Ionizing radiation. Ionizing radiation is one of the few exposures for which the causal relationship with childhood leukemia, particularly AML, has been established (Mahoney et al. 2004; Ron 1998; Sali et al. 1996 ; United Nations Scientific Committee on the Effects of Atomic Radiation 1994). The magnitude of the risk depends on the dose of radiation, the duration of exposure, and the age of the individual at the time of exposure. Studies have demonstrated the relationship between the degree of irradiation and occurrence of leukemia (Miller 1967; Moloney 1955) . For example, leukemia rates among survivors who were within 1,000 m of the atomic bomb explosions at Hiroshima and Nagasaki, Japan, were 20-fold higher than rates among the general population (Mahoney 1955) . The potential effect of ionizing radiation exposure on children may occur during preconception, pregnancy, or the postnatal period.
Paternal preconception exposure and close proximity to a nuclear facility. Numerous epidemiologic studies have investigated the potential association between childhood leukemia and paternal ionizing radiation exposure in the workplace before conception or preconception, also referred to as "preconception paternal irradiation" (PPI). Some studies have found an association (Gardner 1991; Gardner et al. 1990; McKinney et al. 1991; Meinert et al. 1999; Roman et al. 1993; Shu et al. 1994) , whereas others have not (Doll et al. 1994; Kinlen et al. 1993; Little 1990; McLaughlin et al. 1993; Shu et al. 2002; Urquhart et al. 1991; Watson 1991) . Gardner et al. (1990) examined whether the observed excess of childhood leukemia was related to nearness to Sellafield nuclear plant in the West Cumbria district of the United Kingdom from 1950 to 1985. Relative risk was higher for leukemia in children born near Sellafield and for children of fathers employed at the plant at their conception [relative risk (RR) = 2.4; 95% confidence interval (CI), 1.04-5.7] and higher for children of fathers receiving a total preconceptual ionizing radiation dose of 100 mSv or more (RR = 6.4; 95% CI, 1.57-26.3). Gardner et al. (1990) hypothesized that irradiation of the testes may be leukomogenic in the offspring. The conclusions of this study have received significant criticism (Doll et al. 1994; Neel and Schull 1991) . First, no excess leukemia was noted in the rest of Cumbria where > 90% of the births to Sellafield employees occurred (Draper et al. 1993) . Second, data on the children of male atomic bomb survivors have not shown an increased incidence of leukemia (Yoshimoto et al. 1990 ), despite receiving a significantly greater dose of radiation than the children's fathers at Sellafield. The results reported by Gardner et al. (1990) would suggest a much greater genetic sensitivity to radiation and therefore would be less plausible (Doll et al. 1994; Little 1990 ). Third, the results from the Gardner et al. (1990) study have not been substantiated by other studies that detected no statistically significant excess of leukemia in relation to nuclear facilities in the following locations:
• Scotland from 1958 to 1990 (Kinlen et al. 1993) , including near the Dounreay nuclear installation in Caithness (Urquhart et al. 1991) • Ontario, Canada, near five nuclear installations (McLaughlin et al. 1993) • Southern England, near two sites (Roman et al. 1993) , and in three areas of northern England (McKinney et al. 1991 ) McKinney et al. (1991 did show a nonstatistically significant increase between childhood leukemia and reported preconceptual exposure of fathers to ionizing radiation [odds ratio (OR) = 2.35; 95% CI, 0.92-6.2]. This study overlapped with another study and the quantity of the exposure to ionizing radiation was not determined (McKinney et al. 1991) .
With regard to diagnostic X rays, Shu et al. 1994) showed an increased risk for childhood leukemia related to paternal diagnostic x-ray exposure before conception in two separate studies. In the 1994 study, an increased risk was noted if two or more X rays of the lower abdomen were performed (OR = 3.8; 95% CI, 1.5-9.6). No increased risk was noted in the Shu et al. (2002) study, however, if the data were restricted to lower abdominal X rays, the more relevant area of exposure.
Mechanisms of potentiation by PPI are discussed in detail elsewhere (Lord 1999) . Maternal preconception occupational exposure has not been shown to significantly increase the risk for childhood leukemia (Meinert et al. 1999; Shu et al. 1994) .
In utero exposure to ionizing radiation. Many studies have attempted to ascertain the effect of in utero radiation exposure and the development of leukemia-particularly related to the atomic bomb exposures in Japan at the end of World War II, the 1986 Chernobyl (Russia) accident, or exposure to diagnostic X rays. An increased risk of childhood leukemia in the offspring of atomic bomb survivors has yet to be shown (Doll and Wakeford 1997; Neel 1991; Yoshimoto et al. 1988) . Some studies on the Chernobyl accident, which led to widespread radioactive fallout in Europe, have found an increased risk for leukemia in children exposed in utero while living in areas exposed to ionizing radiation after the accident (Noshchenko et al. 2001; Petridou et al. 1996) . The observed effects are in question, however, and other studies have not confirmed an increase in risk (Michaelis et al. 1997; Sali et al. 1996; Steiner et al. 1998) .
In a critical review of several European studies undertaken 10 years after Chernobyl, overall, no significant association between the risk of childhood leukemia in children 0-14 years of age and exposure from the Chernobyl accident was found (Sali et al. 1996) . However, a small risk could not be ruled out secondary to limited power and the fact that most studies were descriptive. In a Swedish study, the risk for ALL in children < 5 years of age in highly contaminated areas was increased although not statistically significant (OR = 1.5; 95% CI, 0.8-2.6) (Hjalmars et al. 1994) . Last, in a review of 36 cancer registries in Europe for children 0-14 years of age, the risk for leukemia was increased slightly in the postaccident period, but the overall geographical patterns of change uncovered no relation to the estimated exposure to radiation (Parkin et al. 1993 (Parkin et al. , 1996 .
Many studies have assessed the risk of in utero exposure to diagnostic X rays and the development of childhood leukemia, with conflicting results. The potential risk of leukemia in children exposed to diagnostic X rays was first noted in 1956 (Stewart et al. 1956 ). Many case-control studies have found a consistent association to suggest that radiographic examination of the abdomen of a pregnant woman produces a proportional increase in risk of about 40% (Doll and Wakeford 1997) . The evidence for causality and for uncertainty is well described (Boice and Miller 1999; Doll and Wakeford 1997) . The most notable reason for doubt of a true association is the lack of evidence in cohort studies for an increased risk of leukemia in children exposed to radiation in utero during the atomic bomb blasts in Japan. Furthermore, several recent studies have not found a significant association between Acute leukemia in children Environmental Health Perspectives • VOLUME 115 | NUMBER 1 | January 2007 childhood leukemia and X-ray examinations in the mother during pregnancy (Meinert et al. 1999; Naumberg et al. 2001; Shu et al. 2002) . This apparent decrease in risk over time may be attributable to declining exposures to ionizing radiation (decreased dose) and to the increasing use of diagnostic ultrasound in place of diagnostic X rays during pregnancy (Shu et al. 2002) .
Postnatal exposure to ionizing radiation. Postnatal exposure to ionizing radiation has been demonstrated to increase the risk of childhood leukemia, most notably from the World War II atomic bomb blasts and radiotherapy for benign disease. Children and adolescents exposed to 1 gray after the bombings were at elevated risk for leukemia (RR = 7.1) and developed leukemia in less time when compared with adults (Boice 1996) . Several studies have identified an increased risk for childhood leukemia or death due to leukemia secondary to radiotherapy of benign disease (Darby et al. 1987; Davies et al. 1961; Murray et al. 1959; Ron et al. 1988 ) whereas others have not (Lundell and Holm 1996) (Table 1) . This risk appears to be associated with therapeutic radiation for thymus enlargement, ankylosing spondylitis, and ringworm.
Although inconclusive, to date, radiation exposure secondary to the Chernobyl accident has not been shown to increase the risk of leukemia in children who were exposed after birth (Moysich et al. 2002; Parkin et al. 1993 Parkin et al. , 1996 Sali et al. 1996) . Recent studies have shown mixed results regarding exposure to diagnostic X rays during the postnatal period and the risk for childhood leukemia (Meinert et al. 1999; Shu et al. 2002) (Table 1) . Shu et al. (2002) found no significant risk for ALL, even if there were exposure to three or more rays (OR = 1.2; 95% CI, 1.0-1.6). They did note a significant risk for children with pre-B cell ALL, most notably if three or more X rays were performed (OR = 3.2; 95% CI, 1.5-7.2) and if the child was older than 5 years (OR = 3.8; 95% CI, 1.1-13.3). Meinert et al. (1999) found that exposure to four or more X rays in the postnatal period did not contribute a significant risk to childhood leukemia (OR = 2.3; 95% CI, 0.8-6.5); however, the risk was not evaluated by immunophenotype. Overall, postnatal X-ray studies do not appear to significantly increase the risk of childhood leukemia. Increased risk for specific immunophenotypes may result from certain biases, but this may be an area for further study.
Nonionizing radiation. Numerous epidemiologic studies have been conducted to determine whether an association exists between exposure to nonionizing EMFs and childhood leukemia; some have found a small association (Ahlbom et al. 2000; Greenland et al. 2000; Hatch et al. 1998; Rivard and Deadman 2003; Savitz et al. 1990 ) while others have not (Kleinerman et al. 2000; Linet et al. 1997; Myers et al. 1990 ). The inconsistent results of the EMF and childhood leukemia studies may be due in part to differing methods for assessing residential magnetic field exposures and unmeasured EMF characteristics (Bowman and Thomas 2001; Brain et al. 2003; Hardell et al. 1995) . Furthermore, investigations of animals with exposure to much higher levels of EMFs than humans have not shown increased risk for hematopoietic neoplasia (Brain et al. 2003) . Ahlbom et al. (2000) conducted a pooled analysis of data collected for nine studies. For the 44 children with leukemia and 62 control children with high estimated residential EMF exposure, the estimated summary relative risk was 2.00 (95% CI, 1.3-3.1). Adjusting for potential confounding variables did not appreciably change the results, but selection bias may have accounted for some of the increase. Linet et al. (1997) conducted a case-control study with actual measurements of EMFs in the homes of > 1,200 study subjects near the time of the diagnosis of ALL. Overall, there was no statistically significant increased risk of ALL with increasing exposure to residential magnetic fields (OR = 1.24; 95% CI, 0.86-1.79) for the highest exposure category compared with the lowest. Furthermore, no increased risk of ALL was found based on EMF levels for homes in which the mother resided during pregnancy with the index child . For additional information on nonionizing radiation, see Supplemental Material (http://www. ehponline.org/docs/2006/9023/abstract.html).
Chemicals. The chemical classes most commonly associated with childhood leukemia are hydrocarbons and pesticides. Studies have examined the relationship between childhood leukemia and direct exposure to these chemicals (e.g., use of pesticides in the home) (Freedman et al. 2001; Lowengart 1987) as well as secondary exposure, such as to parents' clothing worn in an occupational setting where hydrocarbons are used and brought into the home to be laundered Lowengart 1987; Shu et al. 1999b) .
Hydrocarbons. Hydrocarbons are organic compounds made up primarily of carbon and hydrogen atoms. Examples of hydrocarbon compounds include gasoline and trichloroethylene (spot remover). Hydrocarbons are found in many household and industrial products including paint removers and thinners, and solvents, which are used to dissolve other chemical substances.
The most widely recognized hydrocarbon is benzene, a ubiquitous chemical used in the manufacture of paints and plastics and as a constituent in motor fuels and hobby glues. It is also formed during incomplete combustion of fossil fuels (i.e., petroleum products, coal). Benzene is a known human carcinogen. It has a strong positive exposure-response relationship with leukemia, particularly AML, at a range of exposures not much higher than the current legal standard for workers as recommended by the National Institute for Occupational Safety and Health (Rinsky 1981) . A recent occupational study (Glass 2003) found excess risk for leukemia associated with cumulative benzene exposures and benzene exposure intensities at lower levels (< 60 ppm-years) than had been a The observed death rate for children with leukemia increased over the first 5 years of observation, then gradually decreased previously reported (as high as 220 ppm-years) (Rushton and Romaniuk 1997; Schnatter et al. 1996) . For additional information on benzene, see Supplemental Material (http://www. ehponline.org/docs/2006/9023/abstract.html). Freedman et al. (2001) conducted a casecontrol study of 640 subjects to examine the relationship between parental hobbies and home projects and incidence of childhood leukemia. ALL had a statistically significant association with prenatal exposure to painted homes (> 4 rooms) (OR = 1.7; 95% CI, 1.1-2.7) and to artwork with solvents (OR = 4.1; 95% CI, 1.1-15.1). However, the study was limited by the lack of information about the child's proximity to the activity and the timeframe of exposure.
In a review by Savitz and Chen (1990) of seven published epidemiologic studies of the association between parental occupation and childhood leukemia, exposure to paints and pigments yielded the most consistently positive results, with several studies producing ORs for ALL and AML of ≥ 1.5. Paternal occupations most associated with increased risk for childhood leukemia in the review included painter, motor vehicle-related worker and machinist or factory worker. In one of the seven epidemiologic studies reviewed, paternal hydrocarbon exposures (e.g., gas station attendant) appeared to be related to both AML and ALL occurring in children ≤ 1 year of age (Vianna et al. 1984) , but this finding could not be confirmed by other studies that covered a broader age range (Van Steensel-Moll et al. 1985) .
In a separate large case-control study, only paternal long-term exposure to plastics during the preconception period showed an increased risk of childhood leukemia, though not statistically significant (OR = 1.4; 95% CI, 1.0-1.9) (Shu et al. 1999b) .
There is much speculation about the biological mechanism by which paternal occupational exposures may affect the offspring's risk for leukemia. Potential mechanisms include genetic alteration of the father's sperm, which may transmit cancer susceptibility to the child, transplacental fetal exposure after the father brings a toxic exposure into the home, and direct postnatal exposure to chemicals brought home on the clothing (e.g., off-gassing) Savitz and Chen 1990) or indirect exposure through breast-feeding. Exposure through breast milk, however, is an unlikely mechanism as breastfeeding has been associated with a reduced risk of ALL (Shu et al. 1999a ). The reduction in risk was stronger with a longer duration of breast-feeding.
Specific occupations found more frequently among mothers of children with leukemia include metal manufacturing or processing, textiles, and pharmacist (Savitz and Chen 1990; Van Steensel-Moll et al. 1985) . Increased risk for ALL has been described, in a case-control study of more than 3500 children, with maternal occupational exposure to solvents (OR = 1.8; 95% CI, 1.3-2.5) and paints (OR = 1.6; 95% CI, 1.2-2.2) during the preconception period (OR = 1.6; 95% CI, 1.3-2.5), and during pregnancy (OR = 1.7; 95% CI, 1.2-2.3), but not during the postnatal period (Shu et al. 1999b) . Despite these associations, no linear dose-response relationship was observed in this study for any maternal exposure during any time period, and statistically significant associations were found only when maternal occupational exposures were short (equal or below the median) (Shu et al. 1999b) .
A recent study in California suggested that children living in areas with high levels of point source carcinogenic hazardous air pollutants (HAPs) are at an increased risk of developing leukemia (RR = 1.3; 95% CI, 1.13-1.6) (Reynolds et al. 2003) . Selected carcinogenic HAPs included benzene, perchloroethylene, and trichloroethylene. This study had several limitations; most notably the extrapolation of group exposure levels to individuals and exclusion of indoor HAP sources (e.g., tobacco smoke) as potential confounders of exposure estimates (Reynolds et al. 2003) .
A recent, similar study in Great Britain reported associations between birthplace of children with leukemia and proximity to industrial sites that release volatile organic compounds, dioxins, 1,3-butadiene, and benzo[a]pyrene (Knox 2005) .
Pesticides. Many studies have suggested a link between pesticide exposure and childhood leukemia. However, most of these studies are limited by the use of nonspecific pesticide exposure information, small numbers of exposed children, and potential recall bias. Some studies suggest that pesticideexposed fetuses and children are at higher risks for cancer compared with adults. This suggests that newborns and children may be particularly sensitive to the carcinogenic effects of pesticides (National Research Council 1993; Zahm and Ward 1998) . Most children's exposure to pesticides is from home, lawn, and garden use (Grossman 1995) . Other sources of exposure can include local agricultural applications, contaminated food, parental occupation, and pet products.
In a large meta-analysis of epidemiologic studies that investigated whether occupational or residential exposure to pesticides by either parents or children was related to increased risk of childhood cancer, frequent occupational exposure or in-home pesticide use was associated with childhood leukemia (Daniels et al. 1997) (Table 2 ). Use of garden pesticides or professional exterminations did not greatly affect risk in this meta-analysis. Some studies have reported increased risk with mothers who had frequent prenatal pesticide exposure in the garden (Infante- Rivard et al. 1999) or during pregnancy (OR = 6.5; 95% CI, 1.5-59) (Lowengart 1987) and increased risk during childhood with garden insecticides (OR = 2.4; 95% CI, 1.3-4.3) and garden fungicides (OR = 2.5; 95% CI, 1.0-6.2) (Menegaux et al. 2006 ).
Children exposed to professional pest control services at any time 1 year before birth to 3 years after had increased risk as well (OR = 2.8; 95% CI, 1.4-5.7) (Ma 2002) (Table 2 ). In a review of 18 studies that assessed the association between pesticide exposure and childhood cancer, no clear patterns of risk by which parent was exposed, by timing of exposure, or by histologic type of leukemia were apparent (Zahm and Ward 1998) .
In a recent case-control study conducted in France, for the first time insecticidal shampoo treatment of pediculosis was found to be associated with childhood ALL and AML (OR = 1.9; 95% CI, 1.2-3.3) (Menegaux et al. 2006) . Various insecticidal shampoos were reported but only the association with pyrethroid-based shampoo was statistically significant (OR = 2.0; 95% CI, 1.1-3.4) (Menegaux et al. 2006) .
Alcohol, cigarette, and illicit drug use. Studies have shown an increased risk for AML, particularly among very young children, associated with maternal alcohol consumption during pregnancy (Shu et al. 1996; Van Duijn et al. 1994) . Shu et al. (1996) examined the effect of alcohol consumption on the risk of developing childhood leukemia, beginning 1 month before and continuing throughout the pregnancy. The risk for AML with maternal alcohol consumption (OR = 2.6; 95% CI, 1.4-5.1) was almost twice that of ALL. Paternal alcohol consumption before conception did not appear to increase risk (Shu et al. 1996) .
It is unclear whether maternal or paternal cigarette smoking before or during pregnancy is a risk factor for developing childhood leukemia (Brondum et al. 1999; Shu et al. 1996) . Two studies found that the frequency, amount, and duration of paternal smoking before conception were related to significantly elevated risk, after adjusting for the effect of maternal smoking (Ji et al. 1997; Sorahan et al. 1995) . Brondum et al. (1999) , however, found no association between the disease and paternal smoking at any time.
Maternal marijuana use before and during pregnancy has been associated with childhood AML and ALL. Despite a small sample size, findings from a Children's Cancer Group study showed a 10-fold risk of childhood AML associated with maternal use of marijuana just before or during pregnancy ). The authors concluded that, because marijuana has been shown to be
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Genetics
Childhood leukemia and other cancers may stem from a combination of genetic susceptibility factors and environmental exposures. The importance of in utero genetic events has been suspected for many years based on concordance studies on twins with leukemia (Clarkson and Boyse 1971; Greaves et al. 2003; Zipf et al. 2000) . This is especially true among identical twins. An identical twin is twice as likely as the general population to develop leukemia if his or her twin developed the illness before the age of 7 years (Miller 1967; Zipf et al. 2000) . Twins who reach age 15 years without developing leukemia do not appear to be at higher risk of developing the disease.
This concept that some cases of childhood leukemia originate in utero also is the result of genetic studies that have found leukomogenic translocations or clonotypic gene fusion sequences that match that of later leukemic blasts in heelstick blood samples (Guthrie cards) from newborns who later developed ALL (Gale et al. 1997; Greaves et al. 2003) . Infant acute leukemia commonly involves gene fusions with the MLL gene. Because (MLL+) acute leukemia can arise after chemotherapy with DNAt2 inhibitors, it is possible that these substances, which are found naturally in certain foods and beverages (e.g., fruits and vegetables, legumes, coffee), may contribute toward infant leukemia (Alexander et al. 2001; Ross et al. 1996; Spector et al. 2005 ).
Studies of archived neonatal blood spots in which a specific gene fusion occurs [t(1;19)/ E2A-PBX1] support the theory that not all cases of childhood ALL develop in utero (Wiemels et al. 2002) . The association of leukemogenesis in children with metabolizing gene variants suggests a causal relationship to environmental exposures that may occur during the postnatal period. Increased risk of childhood leukemia has recently been associated with genetic polymorphisms that disrupt the hosts' abilities to properly metabolize and transport xenobiotic exposures (Canalle et al. 2004 ; Infante-Rivard and Jacques 2000; Krajinovic et al. 2002) . Furthermore, polymorphic genes encoding carcinogen-and drug-metabolizing enzymes may not only increase the risk of ALL but also influence the risk of relapse in patients and therefore help to predict disease outcome. For example, the prognosis of patients with cytochrome P450 1A1 (CYP1A1) and NAD(P)H quinine oxidoreductase 1 (NQO1) variants has been found to be worse than that of patients who lack these variants (Krajinovic et al. 2001) .
Although genetic syndromes account for only a small proportion of childhood leukemias, certain inherited diseases are associated with a higher risk of developing leukemia. Examples of these diseases include Fanconi anemia (Swift 1971; Willis and Lindahl 1987) , Bloom syndrome (Miller 1968; Willis and Lindahl 1987) , ataxia telangiectasia (Toledano and Lange 1980) , Down syndrome (Dordelmann et al. 1998; , Shwachman syndrome (Woods et al. 1981) , and neurofibromatosis (Shearer et al. 1994) . These inherited diseases are characterized by defective DNA repair, chromosome aneuploidy (an abnormal number of chromosomes), or chromosomal abnormalities such as translocations. AML has a higher incidence during the neonatal period than ALL among children with Fanconi anemia, Bloom syndrome, and Down syndrome.
Siblings of children with leukemia are at greater risk of developing leukemia than children whose siblings do not have the disease (Draper et al. 1977; Heath and Moloney 1965) . Also, a positive family history of hematopoietic malignancies among first-or second-degree relatives has been associated with a small increased risk for childhood ALL. Furthermore, the risk for ALL is not increased in children with a family history of cancers other than hematopoietic malignancies (Infante- Rivard and Guiguet 2004) .
Infectious Agents and the Population Mixing Theory
Several observations contribute to the theory that a transmissible agent is potentially involved in the oncogenic process of childhood leukemia. First, the peak incidence of childhood leukemia and that of common childhood infections both occur among children 2-5 years of age, the age group least likely to possess sophisticated immune systems (Greaves 2002; Pierce 1936) . Second, a viral etiology has been shown for some animal and human cancers (e.g., Epstein-Barr virus for Burkitt lymphoma) (Greaves and Alexander 1993; Gross 1978) . Third, evidence exists of an apparent seasonal variation in the birth or onset dates of childhood leukemia. Statistically significant seasonal variation for ALL with a peak in the summer (Ross et al. 1999; Westerbeek et al. 1998) , in the autumn-winter (Karimi et al. Belson et al. 142 VOLUME 115 | NUMBER 1 | January 2007 • Environmental Health Perspectives 2003) and in the early spring among 1-to 6-year-old children (Feltbower et al. 2001 ) have been described. However, a large study of > 15,000 cases of childhood leukemia born and diagnosed in the United Kingdom found no evidence of seasonality in either month of birth or month of diagnosis in any subgroup of childhood cancer (Higgins et al. 2001) . Last, an excess of childhood leukemia has been found in rural, potentially immunologically naïve, populations that have undergone an influx of permanent residents; this theory is known as population mixing (Kinlen 1988 (Kinlen , 1995 . Kinlen (1988) suggested that an extremely infectious but not highly pathogenic agent introduced into a previously unexposed community might cause an epidemic of ALL. Susceptible individuals who live in rural areas in which the population suddenly increases, or for which the composition changes regularly, may be exposed to infectious agents that are brought into the area by new residents, possibly triggering a cluster of cases of ALL. The theory implies that the differences in rates of leukemia in rural areas are due to differences in herd, or population, immunity. Results from other studies support this theory (Alexander et al. 1997; Boutou et al. 2002; Gilman and Knox 1998; Kinlen 1995; Kinlen et al. 1991; Koushik et al. 2001) . For additional information on population mixing, see Supplemental Material (http://www.ehponline.org/docs/2006/9023/ abstract.html). An alternative hypothesis to Kinlen's suggests that the mechanism of "delayed infection" is responsible, and that an abnormal response to the infection promotes a second event critical for the development of ALL (Greaves and Alexander 1993) . Support of this hypothesis comes from studies showing that children with ALL are less likely to have had common infections, perhaps as a result of immunologic isolation early in life (Ma 2002) . Proposed mechanisms for an abnormal response to an as yet unidentified infectious agent might include leukemogenicity of the virus itself, which may directly infect and transform B-precursor cells, or physical characteristics of the virus that stimulate critical receptors for cell growth (Greaves and Alexander 1993) .
Other Important Variables
Maternal reproductive history and birth characteristics. Conflicting results have been reported from studies of the relationship between maternal history of fetal loss and risk for ALL or AML (Kaye et al. 1991; Ross et al. 1997; Yeazel 1995) . A history of fetal loss may reflect genetic predisposition, abnormal intrauterine environment, or the effect of a common environmental exposure .
The risk for childhood ALL has been shown to be significantly higher among children who were born when their parents were older; significant trends in ALL incidence have been related to increasing mother's (> 35 years, p < 0.001) and father's (> 40 years, p < 0.002) ages (Dockerty et al. 2001) . For children born to mothers and fathers ≥ 40 years of age, the odds ratio for offspring developing childhood leukemia was 1.97 and 1.45, respectively (Dockerty et al. 2001 ).
Several studies have described an association between increased birth weight and childhood ALL, particularly ALL developing early in life (Kaye et al. 1991; Ross et al. 1997) . Increased birth weight has been associated with a high rate of cell proliferation and with an increase in the number of precursor cells that are at risk for malignant transformation (Westergaard 1997) . However, birth weight tends to increase with maternal age, which is also a known risk factor for ALL in offspring (Dockerty et al. 2001) .
For information on medications/therapeutic agents, military history and nutrition in relation to childhood leukemia, see Supplemental Material (http://www.ehponline.org/docs/ 2006/9023/abstract.html).
Conclusion
ALL and AML are the most common malignancies of childhood. Despite many advances in the treatment of childhood leukemia, the causative factors of ALL and AML remain unclear. Identifying risk factors for childhood leukemia (e.g., environmental, genetic, infectious) is an important step in the reduction of the overall burden of the disease. In general, benzene and ionizing radiation are two environmental exposures strongly associated with the development of childhood AML or ALL. However, identifying other environmental risk factors associated with leukemia is difficult for several reasons:
• inability to confirm and quantify exposures; • lack of a prospective cohort; • presence of different variants of leukemia; presence of confounders; and • inadequate understanding of the pathophysiology of leukemia (e.g., gene-environment or infection-environment interaction). Future attempts to overcome these obstacles (e.g., through improving laboratory detection methods to confirm exposure; prospective cohort studies; focusing on specific types of leukemia and specific chemical agents) could possibly uncover other environmental risk factors associated with childhood leukemia and mitigate potentially harmful exposures to reduce the risk for disease. Future studies, when appropriate, should attempt to use common questionnaires, address timing and route of exposure, document evidence that exposure has actually been transferred from the workplace to the child, and store biological samples when possible.
CORRECTION
In the Abstract and in the section "Risk Factors," the sentences "Only two environmental risk factors (benzene and ionizing radiation) have been significantly linked to ALL or AML" in the original manuscript published online have been changed here to "Only one environmental risk factor (ionizing radiation) has been significantly linked to ALL or AML."
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